The dopamine hypothesis is one of the most influential theories of the neurobiological background of schizophrenia (SCZ). However, direct evidence for abnormal dopamine-related subcortical-cortical circuitry disconnectivity is still lacking. The aim of this study was therefore to test dopamine-related substantia nigra (SN)-based striato-thalamo-cortical resting-state functional connectivity (FC) in SCZ. Method: Based on our a priori hypothesis, we analyzed a large sample resting-state functional magnetic resonance imaging (fMRI) dataset from first-episode drug-naïve SCZ patients (n = 112) and healthy controls (n = 82) using the SN as the seed region for an investigation of striato-thalamo-cortical FC. This was done in the standard band of slow frequency oscillations and then in its subfrequency bands (Slow4 and Slow5). Results: The analysis showed in SCZ: (1) reciprocal functional hypoconnectivity between SN and striatum, with differential patterns for Slow5 and Slow4; (2) functional hypo-connectivity between striatum and thalamus, as well as functional hyperconnectivity between thalamus and sensorimotor cortical areas, specifically in Slow4; (3) correlation of thalamo-sensorimotor functional hyper-connectivity with psychopathological symptoms. Conclusions: We demonstrate abnormal dopamine-related SN-based striato-thalamo-cortical FC in slow frequency oscillations in first-episode drug-naive SCZ. This suggests that altered dopaminergic function in the SN leads to abnormal neuronal synchronization (as indexed by FC) within subcortical-cortical circuitry, complementing the dopamine hypothesis in SCZ on the regional level of resting-state activity.
Introduction
Schizophrenia (SCZ) is a severe, chronic mental disorder that affects about 1% of the general population and is characterized by positive symptoms (eg, hallucinations, delusions and disorganized behavior), negative symptoms (eg, blunted affects, avolition and social withdrawal) and cognitive impairments. 1, 2 The investigation of biological underpinnings of SCZ is a crucial step for the rational development of effective treatments for this illness. 3 Among many competing hypotheses, 4 the dopamine hypothesis of SCZ is one of the most influential theories on the neurobiological background of the disorder. 5, 6 In the last decades, the hypothesis has evolved from a purely biochemical framework to a more complex anatomicalmolecular pathophysiologic model. [6] [7] [8] According to this model, the tonic activity of dopaminergic neurons of the ventral tegmental area and substantia nigra (SN) is decreased. [6] [7] [8] This, in turn, leads to up-regulation with hyper-sensitization and increased stimulus-related phasic activity of dopaminergic receptors (especially D2 receptors) in subsequent subcortical and cortical regions and striato-thalamo-cortical pathways. [6] [7] [8] In vivo molecular imaging studies give robust support for there being increased dopamine release and synthesis capacity in selected regions, such as the striatum, in SCZ. 7, 9, 10 In contrast, the impact of dopaminergic changes on neural activity in dopamine-related subcortical-cortical circuitry from the SN, via the striatum and thalamus, to the cortex remains unclear. 10 On a regional level, functional magnetic resonance imaging (fMRI) studies, including resting-state studies, have demonstrated that different subcortical and cortical brain regions are organized in functionally connected large-scale networks. 11 The communication between these networks' regions seems to be coordinated by lowfrequency neural fluctuations, which are thought to be fundamental to information transfer and processing. [11] [12] [13] [14] Investigating resting-state fMRI functional connectivity (FC) allows the probing of long distance correlations in these fluctuations between different brain regions. 12, 14, 15 A role of dopaminergic transmission in the modulation of intra-network FC between subcortical and cortical regions was demonstrated in fMRI studies in healthy subjects after administration of dopaminergic substances. [16] [17] [18] [19] In particular, pro-dopaminergic substances (eg, levodopa or amisulpiride) increased sensorimotor network FC between SN, putamen, midcingulate and sensorimotor cortical areas, as well as the FC between ventral striatum, prefrontal cortex and insula, while anti-dopaminergic challenge (eg, haloperidol) decreased the FC between the same subcortical-cortical regions. [16] [17] [18] [19] [20] However, no investigation focusing a priori 21 on how altered dopaminerelated SN activity affects regional and network level activity has been reported so far (see [22] [23] [24] [25] [26] for some indirect support though). More specifically, direct evidence for dopamine-related SN-based striato-thalamo-cortical resting-state disconnectivity in SCZ is still pending.
In this context, specific frequency bands can play a key role in activity synchronization within a particular network. [11] [12] [13] [14] 27, 28 Interestingly, within the standard frequency band (SFB) of low-frequency oscillations (0.01-0.08 Hz), Slow5 (0.01-0.027Hz) shows stronger power and longer cycle duration, while Slow4 (0.027-0.073Hz) is strongest throughout the basal ganglia, thalamus and sensorimotor cortical areas, potentially playing a role in subcorticalcortical communication loops. [11] [12] [13] [14] [27] [28] [29] [30] [31] One would consequently expect differential effects in Slow5 and Slow4 in the SN-related subcortical-cortical FC abnormalities in SCZ. That remains to be tested though.
Finally, dopaminergic dysfunction, especially in the nigro-striatal pathway, has been strongly related to sensorimotor symptoms, further supporting its clinical relevance. 32, 33 Sensory processing alterations-eg, primary sensory dysfunction and integration-and psychomotor abnormalities-eg, psychomotor retardation and dyskinetic syndrome-ranging from subtle disturbances (neurological soft signs) to extreme psychomotor alterations (catatonic syndrome), [34] [35] [36] [37] [38] have consistently been demonstrated in SCZ. [33] [34] [35] [39] [40] [41] These alterations are often present to some degree before clinical onset (as part of the basic symptoms and observed signs in high-risk populations) and clinically manifest in first-episode and drug-naïve patients; many of them then worsen during full-blown psychotic relapses and with antipsychotic treatment, and can persist in residual states. 32, 37, 39, 40, 42 Furthermore, sensorimotor symptoms have been mainly related to negative symptoms and cognitive deficits, 32, 43 and may be considered as intermediaries between neurobiological dysfunction and typical psychotic symptomatology. 41, 44 Clinical correlations of dopamine-related SN-based striato-thalamo-cortical resting-state disconnectivity thus need to be further investigated.
Aims of the Study
The main aim of the study was to test the dopamine hypothesis of SCZ on a regional and network level; more specifically, SN-based abnormalities in striato-thalamocortical FC. For that purpose, we used the SN as a seed region for subsequent investigation of striato-thalamocortical FC in the SFB, and then in its subfrequency bands (Slow4 and Slow5) in order to better characterize these potential alterations, and explored clinical correlations. This was done in a large sample of first-episode, drug-naïve schizophrenic patients (which were compared with healthy subjects). Based on the dopamine hypothesis and previous literature (as above), we hypothesized that there would be subcortical-cortical alterations in FC from SN to striatum and thalamus, as well as from the latter to sensorimotor cortical areas, with differential patterns in Slow5 and Slow4.
Methods
The study population comprised of 112 treatment-naïve first-episode SCZ patients and 82 healthy controls (HC), part of a sample partly used in our previous work. 45, 46 A standard preprocessing pipeline was applied, including nonlinear alignment to the MNI ICBM152 template, motion scrubbing, and band-pass filtering within the SFB, Slow5 and Slow4 ranges.
For a detailed description of participants, acquisition parameters, and preprocessing steps, see supplementary methods and supplementary table 1.
Analysis Strategy
The aim of the study was to investigate how connectivity from the SN may be altered in SCZ and how this then affects striato-thalamo-cortical FC. We thus followed a seed-based FC approach where an a priori SN regionof-interest (ROI) was taken as a starting point, identifying subsequent ROIs within the striato-thalamo-cortical network based on the ongoing findings of the contrasts between SCZ and HC. This meant that we first calculated the FC from the SN and identified altered connectivity with the striatum. We took this alteration within the striatum as the seed point to then investigate altered connectivity with the thalamus, and the contrast result within the thalamus as the seed point for testing changes in connectivity between this region and the cortex. Bilateral ROIs were used for identifying these step-wise seed points, but we also calculated the connectivity for left and right hemisphere seeds separately in order to reveal any potential lateralization in connectivity changes in SCZ. 47, 48 Finally, correlations between clinical scores and connectivity alterations were done using the FC calculated from the bilateral ROIs.
Substantia Nigra FC
To investigate connectivity with the SN, a bilateral SN mask from the ATAG-Atlas (http://www.nitrc.org/projects/atag) was used as a ROI for a seed-based FC analysis. 49 The seed reference time-series of the ROI was obtained by averaging the fMRI time-series of all voxels within. Pearson's correlation coefficients were calculated between the seed region timecourses and the rest of the brain in a voxel-wise manner. The correlation coefficients were then transformed to z-values by means of the Fisher r-to-z transformation, in order to improve normality. This produced spatial maps in which the values of voxels represented the strength of the correlation with the ROI. This was done for bilateral and left or right hemisphere seeds separately.
To delineate the basic connectivity of the SN seed, we performed a 1-sample t test across only the HC wholebrain FC maps (bilateral seed). The FC maps from the SN were then contrasted between HC and SCZ patients to identify regions of altered FC, using a general linear model (GLM) and permutation-based nonparametric statistical thresholding (FSL's randomize with threshold-free cluster enhancement; 5000 permutations; FWE corrected threshold, P < .05). 50, 51 Age, gender, and head motion were entered into this analysis as confound regressors to help ensure that any observed effect of group on FC was independent of age-, gender-, or motion-related changes. The FC analysis was performed in the SFB, and then in its subfrequency bands (ie, Slow4 and Slow5). SFB connectivity was used for identifying new seed regions.
Striatal and Thalamic FC
The clusters of voxels within the striatum that showed differences between groups (using a bilateral mask composed of the caudate, putamen, and globus pallidum from the Harvard-Oxford subcortical atlas) were used to create new seed regions. FC from the striatum was then calculated as described previously and contrasted between groups. The voxels with differences within the thalamus (using a bilateral thalamus mask from the Harvard-Oxford subcortical atlas) were then selected to create ROIs in that region. Again, connectivity was calculated and alterations in thalamo-cortical links were identified. In addition to the bilateral ROIs, this procedure was also done for left and right hemisphere seeds separately. Connectivity was calculated for the SFB, Slow4, and Slow5.
To identify the nature of the changes between groups, ROI-to-ROI FC values in SFB were extracted from each region and plotted. One-sample t tests against zero were conducted for each group separately to establish where significant connectivity was present or not.
Clinical Correlations
Finally, potential clinical correlations were investigated. ROI-to-ROI FC values (as calculated previously) were entered into partial correlation analyses with Positive and Negative Syndrome Scale (PANSS) total scores in the SCZ group, with age, gender and movement as covariates (Bonferroni corrected for multiple comparisons and bootstrapped effect size confidence intervals calculated). We then explored potential specific correlations for PANSS sub-scores for positive, negative and general symptomatology with the FC measures which were significantly correlated with PANSS total score (with age, gender and movement as covariates and Bonferroni corrected for multiple comparisons). Furthermore, the same ROI-to-ROI FC values were compared between SCZ patients with prevalent positive symptoms (SCZ PS) and patients with prevalent negative symptoms (SCZ NS). These were grouped according to the difference between positive and negative scores, yielding a composite scale that expresses the degree of predominance of positive (score > 0) or negative (score < 0) syndromes. 52 Correlation analyses were performed in SPSS version19.
Results

Functional Connectivity of SN to Striatum
In a first step, we identified brain regions that were functionally connected with our SN seeds in the HC group alone. This analysis showed strong connectivity from the seed ROIs to other subcortical nuclei, including the basal ganglia, the thalamus, and the amygdala-hippocampal complex, as well as to the mid-cingulate cortex (supplementary figure 1).
We then identified where FC from the SN was altered between HC and SCZ in each of the frequency bands. Taking separate left and right hemisphere SN seeds, the left and right SN were found to be hypo-connected with the bilateral striatum in SCZ in SFB compared to HC (figure 1 and supplementary table 2). The regions of the striatum that were found to be hypo-connected with SN were mainly composed of the caudate and putamen and, to a lesser extent, the pallidum (supplementary figure 2) . When Slow4 and Slow5 were separately analyzed, the FC decrease was mainly observed in the right SN in Slow5, but in the left SN in Slow4 ( figure 1 and supplementary table 2 ).
Functional Connectivity From Striatum to Thalamus and Cortical Regions
Having identified FC changes within the striatum, the significant voxels within this region were then used as a seed and the resulting connectivity contrasted between groups. In addition to the SN, the striatum was found to be hypoconnected with the thalamus in SFB in SCZ (figure 2  and supplementary table 3 ). The regions of the thalamus that were found to be hypo-connected with the striatum were mainly composed of ventral and lateral regions that are related to primary sensory-motor and premotor areas (and, to a lesser extent, dorsomedial regions, that are related to prefrontal areas) (supplementary figure 2) . When Slow4 and Slow5 were analyzed separately, the FC decrease between the striatum and thalamus was observed in Slow4 specifically ( figure 2 and supplementary table 3) .
The left and right thalamic regions that were found to be hypo-connected with the bilateral striatum were then used as new seed ROIs. In SCZ, the thalamus showed downstream hypo-connectivity with subcortical regions (ie, bilateral striatum and SN), as well as upstream hyperconnectivity with sensorimotor cortical regions (primary sensory-motor and premotor areas) in SFB ( figure 3 and  supplementary table 4) . When Slow4 and Slow5 were analyzed separately, the FC alterations were observed in Slow4 only ( figure 3 and supplementary table 4) . The abnormal coupling between the thalamus and sensorimotor cortical areas in SFB (and in Slow4 specifically) was further confirmed by taking the sensorimotor areas as seed ROI for FC analysis, which again revealed in SCZ an increase in FC with the thalamus in SFB and Slow4, Finally, based on the voxel-wise FC results, the ROIto-ROI FC was calculated between the relevant relay stations of the SN-related subcortical-cortical network in the SFB (ie, SN-striatum, striatum-thalamus and thalamus-sensorimotor cortical areas) and entered into 1-sample t tests, in order to show the individual group effects. HC showed positive FC between SN and striatum (t = 16.26; P = .000) as well as between striatum and thalamus (t = 19.05; P = .000), but no FC between thalamus and sensorimotor cortex (t = 1.17; P = .25). On the other hand, SCZ showed reduced positive connectivity between SN and striatum (t = 12.31; P = .000) as well as between striatum and thalamus (t = 14.73; P = .000), along with abnormal positive coupling between the thalamus and sensorimotor cortex (t = 6.95; P = .000). 
Correlations With Psychopathological Symptoms
Potential clinical correlations of FC alterations were investigated. The ROI-to-ROI FC for the various relay stations of the SN-related striato-thalamo-cortical network in SFB were entered in partial correlation analyses with PANSS total scores in SCZ patients, with age, gender and movement as covariates (Bonferroni corrected P < .016). The PANSS total score correlated positively with the thalamussensorimotor cortex FC (r = .33; P = .002; CI: 0.14~0.50), while no significant correlations were detected with the SN-striatum FC (r = −.15; P = .19; CI: −0.34~0.06) or the striatum-thalamus FC (r = −.20; P = .07; CI: −0.38~−0.01; figure 4 ). Furthermore, in an exploratory partial correlation analysis on the PANSS subscales (with age, gender and movement as covariates, Bonferroni corrected P < .016), the thalamus-sensorimotor cortical areas FC was positively correlated with negative symptomatology (r = .27; P = .013; CI: 0.08~0.43) and general symptomatology (r = .30; P = .006; CI: 0.09~0.50), but not with positive symptomatology (r = .04; P = .73) (supplementary figure 4) . The violin plots show the significant differences in mean FC in HC and SCZ separately, as well as the significant differences between the 2 groups, at the various relay stations of the SN-related striato-thalamo-cortical network in SFB. The SCZ group showed reduced positive FC between the SN and striatum as well as between the striatum and thalamus, when compared to highly positive FC in HC; by contrast, the SCZ group showed abnormal positive coupling between the thalamus and sensorimotor cortical areas, when compared to no FC in HC. ###P < .001 (1-sample t tests against zero); ***P < .001 (2-sample t tests). Right side of the figure. The scatter plots show in SCZ the partial correlation analysis (with age, gender and movement as covariates) between FC alterations at the various relay stations of the SN-related network in SFB and PANSS total score. A significant correlation between thalamo-sensorimotor FC alterations and psychopathological severity score was detected in SCZ. **P < .01 (correlation analysis). Abbreviations: FC, functional connectivity; SN, Substantia Nigra; St, striatum; Thal, Thalamus; SM Areas, SensoriMotor Areas; SCZ, schizophrenia; HC, healthy controls; SFB, Standard Frequency Band (0.01-0.08 Hz); PANSS, positive and negative syndrome scale.
Finally, the ROI-to-ROI FC of the SN-related subcortical-cortical network was analyzed and compared between SCZ PS (73.1% of SCZ sample) and SCZ NS (26.9% of SCZ sample) patients (Bonferroni corrected P < .016). This mainly showed that there was a greater level of abnormal coupling in the thalamo-sensorimotor cortical network specifically in patients with NS compared to those with PS (t = −3.02; P = .003) (supplementary figure 5) .
Discussion
Main Findings
Comparisons of FC between HC and first-episode drugnaïve SCZ patients showed: (1) reciprocal functional hypo-connectivity between SN and striatum, with differential patterns for Slow5 and Slow4; (2) functional hypo-connectivity between striatum and thalamus, as well as functional hyper-connectivity between thalamus and sensorimotor cortical areas, specifically in Slow4; and (3) a correlation of thalamo-sensorimotor functional hyper-connectivity with psychopathological symptoms as measured with the PANSS (total score as well as negative and general psychopathology sub-scores). These findings may suggest a disruption of neural synchronization in slow frequencies between the different relay stations of the dopamine-related SN-based striato-thalamo-cortical resting-state network in drug-naïve SCZ.
Functional Disconnectivity Between SN and Striatum in Ultra-Slow Frequencies in SCZ
In our data, the SN was found to be connected with the amygdala-hippocampal complex, basal ganglia, thalamus, and mid-cingulate cortex. This is coherent with previous work, and is consistent with the SN's neuroanatomical projections and with the role of dopamine in the modulation of brain FC. [16] [17] [18] [19] [53] [54] [55] [56] [57] In line with our hypotheses, we found in SCZ robust resting-state functional hypo-connectivity of the SN with the striatum in the ultra-slow frequency bands (with differential patterns for Slow5 and Slow4), which was then related to functional disconnectivity in the striatum-thalamo-cortical loop (specifically in Slow4). These restingstate SN-based network FC alterations complement the dopamine hypothesis on the regional and network levels of neural activity.
Physiologically, resting-state FC measures the coherence of neuronal activity between different brain regions in the low-frequency range between 0.01 and 0.08Hz. 58 Such low-frequency neuronal fluctuations are central to the tonic neural activity which provides the main substrate for the brain's default activity in the restingstate. 14, 59, 60 Convergent with that, dopamine in SN provides such tonic activity which, at least in part, may shape or synchronize the neuronal oscillations in related regions in the low-frequency range as measured with FC in fMRI (in accordance with evidence of intra-network FC modulation by dopaminergic substances [16] [17] [18] [19] ). One may therefore speculate that reduced activity in the low-frequency range, as indexed by decreased SN-based subcortical FC in our data, may thus reflect reduced tonic activity in dopaminergic subcortical circuitry. This remains to be tested experimentally in the future by combining both electrophysiological recording and dopaminergic manipulation of D2-receptors.
From this perspective, our findings of decreased SN-based subcortical FC, together with previous evidence of task-evoked SN hyper-activity, 61, 62 may be in accordance with the dopamine hypothesis of SCZ-for which a decrease in the tonic activity of dopaminergic neurons is associated with increased phasic activity in the dopaminergic system under stressors or stimulation.
6-8
Functional Disconnectivity of SN-Related StriatoThalamo-Cortical Sensorimotor Areas in Slow4 in SCZ
In our study, the regions of the striatum that were found to be hypo-connected with the SN were in turn hypoconnected with the thalamus, and, subsequently, the very same thalamic regions that were found to be downstream hypo-connected with the striatum showed an upstream hyper-connectivity with the sensorimotor cortical areas, specifically in Slow4, in SCZ. Anatomically, the striatal regions are mainly composed by GABAergic neurons which project and differentially inhibit the glutamatergic thalamo-cortical system. 63 A deficit in striatum-thalamus coupling may therefore disinhibit excessive coupling of the thalamo-cortical system leading to thalamo-sensorimotor cortical functional hyperconnectivity, as observed in this study and in other prior work. [22] [23] [24] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] More specifically, increased thalamo-sensorimotor cortical connectivity, in association with reduced thalamoprefrontal cortical connectivity, represents a core fMRI abnormality in SCZ, both in chronic and early stage patients. [22] [23] [24] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] Our finding of thalamo-sensorimotor cortical hyper-connectivity is consistent with the specific seed regions used for FC analysis: the a priori selected SN-which contains dopaminergic neurons mainly projecting to sensorimotor-related striatal regions 75 -and, subsequently, its disconnected thalamic areas-mainly ventral and lateral regions, which are connected to sensorimotor cortical regions. 73 On the other hand, the use of these specific brainstem and thalamic ROIs may explain the absence of thalamo-prefrontal cortical hypo-connectivity in our findings (since the mediodorsal nucleus, which is mainly connected with the prefrontal cortex and not with subcortical structures, 73 was poorly represented in our SN-related disconnected thalamic ROI).
Our findings therefore extend prior ones by: (1) showing that the increased thalamo-sensorimotor FC can be traced back to striatum and SN, thus reflecting functional disconnectivity in dopamine-related SN-mediated subcortical-cortical circuitry; (2) showing frequency-specific effects in Slow4 (rather than in Slow5), which is compatible with the predominance of Slow4 in basal ganglia, thalamus and sensorimotor regions in healthy subjects 14 ; and (3) showing the presence of these specific SN-mediated subcortical-cortical Slow4 FC alterations at the illness onset and before antipsychotic use.
In turn, the functional disruption of an SN-related sensorimotor network as a core feature of SCZ is in line with previous evidence that showed both structural and functional MRI abnormalities in sensorimotor cortical regions of SCZ patients-such as reduced grey matter density (ie, in postcentral gyrus and superior temporal gyrus), reduced FC between cortical nodes, reduced temporal variability of neuronal activity, and decreased activation during motor tasks (ie, in sensorimotor and supplemental motor areas) 23, 76, 77 -as well as the central relevance of sensorimotor symptoms in SCZ.
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Clinical Correlations of SN-Related Thalamo-Cortical Disconnectivity in SCZ
The relevance of altered SN-related subcortical-cortical FC in slow frequencies may be further supported by our correlation findings. We observed a significant correlation of the thalamo-sensorimotor cortical disconnectivity (but not SN-striatal and striato-thalamic disconnectivity) with psychotic symptomatology in SCZ, and in particular with negative symptoms and general psychopathology (including several psychomotor alterations). The association between thalamo-cortical disconnectivity and negative symptomatology was also supported by the finding of a higher degree of FC impairment in the subgroup of patients with prevalent negative symptoms.
Previous findings in this regard are mixed 73 : some studies found significant positive correlations between thalamo-cortical hyper-connectivity and PANSS total score, 65 PANSS negative syndrome sub-score 24, 74 and PANSS general psychopathology sub-score, 24 while other studies did not. 64, 72 However, these clinical correlations, when detected, were small in magnitude, as also in our case (r around .3). 73 This can suggest a more indirect relationship between thalamo-sensorimotor cortical disconnectivity and typical SCZ psychopathology. For instance, functional alterations of an SN-related sensorimotor network may more directly result in sensorimotor symptoms, as intermediaries between neurobiological dysfunction and typical psychotic symptomatology. 41, 44 This can be supported by the central relevance of functional abnormalities in the sensorimotor network and sensorimotor symptoms in SCZ, as well as their relationship with mainly negative symptoms, 23, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] 76, 77 which is in line with our results. However, this needs to be tested in future studies that directly explore the relationship between functional abnormalities of the SN-related sensorimotor network, sensorimotor symptoms and SCZ psychopathology. Taken together, this evidence of associations between SN-related resting-state abnormalities and prevalent negative symptomatology (see above), as well as between SN-related task-evoked abnormalities and prevalent positive symptomatology, 61, 62 can be in accordance with the dopamine hypothesis of SCZ, for which altered dopaminergic tonic activity is associated with negative symptomatology and altered phasic activity with positive. [6] [7] [8] How and why the dopamine-related SN-based striatothalamo-sensorimotor cortical circuitry could be related to these clinical symptoms, which have been mainly associated with other cortical regions, 78 remains unclear at this point in time though. We speculate that abnormal resting-state thalamo-sensorimotor cortical coupling impacts the spatiotemporal organization of subsequent sensory input and motor outputs (in a yet unclear way), subsequently generating the various psychopathological symptoms. Hence, considered in this way, our findings showing spatiotemporal alterations in subcortical-cortical circuitry support, albeit tentatively, the recently proposed idea of what has been described as "spatiotemporal psychopathology".
78,79
Limitations
There are a number of limitations of the present study. Our work is based purely on resting-state fMRI analysis, and no molecular imaging data was simultaneously acquired to detect any direct connection between FC and molecular changes. However, previous studies that combined restingstate FC with PET analysis have corroborated a role of dopamine in brain FC across subcortical-cortical pathways. 17, 80, 81 Moreover, our findings are consistent with data from previous molecular imaging and PET-fMRI studies which showed changes in subcortical dopamine release and a direct relationship between dopaminergic receptor binding potential and altered connectivity patterns in subcortical-cortical regions in SCZ. 9, 82 Additionally, our resting-state findings complement previous fMRI studies that showed task-evoked hyper-activity of SN in association with striatal hypo-activity in SCZ patients. 61, 62 The resting-state FC techniques-which rely on detecting coherent patterns of spontaneous activity and eventually avoid potential confounds or limitations encountered in task-based approaches (eg, practice or differential performance levels)-appear to delineate entire functional networks which are typically observed in task activationbased studies in a more fragmentary manner. 11, [83] [84] [85] Thus, our resting-state findings of SN-related subcortical-cortical disconnectivity in a large sample of unmedicated and drug-naïve patients at their first psychotic episode, also avoiding medication or chronic disease-related imaging changes, support the role of alterations in a dopaminerelated SN-based subcortical-cortical functional network in the pathophysiology of SCZ.
Conclusion
In summary, our findings show abnormal SN-based subcortical-cortical circuitry connectivity in low-frequency oscillations, with differential patterns for Slow5 and Slow4, in SCZ. FC measures the correlation of low-frequency fluctuations and is therefore thought to reflect cyclic modulation of long distance neuronal synchronization. 12, 14, 15 Based on this, we hypothesize that dopamine-related SN dysfunction may desynchronize low-frequency oscillations and subsequently reduce tonic activity, decoupling the target subcortical striatal and thalamic regions, and resulting in the observed hypo-connectivity. This in turn may disinhibit neuronal synchronization and functional coherence between the thalamus and sensorimotor cortical areas, resulting in the observed hyper-connectivity and psychopathological symptoms ( figure 5) .
In conclusion, we demonstrated alterations in subcortical-cortical FC in slow frequency oscillations within the SN-based striatum-thalamic-sensorimotor cortex network, including its relation to psychopathologic symptomatology, in SCZ. As such the results might support a dopaminerelated SN-based striato-thalamo-sensorimotor cortical network hypothesis in SCZ, complementing the dopamine hypothesis on the regional level of resting-state activity.
Supplementary Material
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